INTRODUCTION
The past three decades have seen a drastic reduction in Arctic sea-ice extent and thickness (Vinnikov and others, 1999) . As a consequence, there is a pressing interest to: (1) anticipate future ice conditions and their impact on ecosystems and human activities; and (2) better understand and predict the effect of a declining sea-ice cover on the climate system, as reduced sea ice is expected to reduce the Earth's surface albedo. The current decline in ice cover appears to have begun in the early 1950s, in phase with a general increase in air temperature over the Northern Hemisphere (Walsh and Chapman, 2001 ). However, trends vary spatially as the sea-ice response to climate forcing differs between regions. This variability arises from complex interactions between air and sea surface temperatures, winds and ocean currents, and makes it difficult to separate trends due to the recent anthropogenic climate warming from the background, 'natural' variability.
Changes in sea-ice cover have been inferred from satellite measurements (e.g. Parkinson and others, 1999) or operational charts (e.g. Kinnard and others, 2006) spanning the last $30 years. Historical observations, of lesser consistency, have been used to extend the record back 100 years (Walsh and Chapman, 2001) , while local indices of sea-ice extent have been developed for periods up to 400 years (Kelly and others, 1987) . The relatively short instrumental and historical record makes the interpretation of current trends difficult, as our understanding of the natural modes of seaice variability is limited. Longer proxy records of sea-ice cover are therefore needed to help put modern observations in the context of longer-term, natural variability, and forecast future sea-ice conditions in a warming climate. This paper presents results from an ongoing study of past Arctic sea-ice variability over the last 1000 years based on ice-core records from the Canadian Arctic. Arctic ice caps represent natural archives of past climates, as snow layers deposited annually reflect the state and composition of the atmosphere (see Legrand and Mayewski, 1997 , for a review). On Devon Ice Cap (Fig. 1) , Koerner (1977) found that the percentage of annual snowmelt, as inferred by the thickness of melt-ice layers, was positively correlated with the fraction of open water through the Queen Elizabeth Islands. Although a potentially useful proxy for past sea-ice conditions, the ice-core melt percentage primarily reflects summer temperature forcing and can therefore not account for sea-ice cover variability related, for example, to dynamic motion of the ice pack.
Sea-salt aerosols deposited in snow represent another possible indicator of sea-ice conditions. These aerosols are emitted when bubbles created by breaking waves burst at the air-sea interface (Blanchard and Woodcock, 1980) . The working hypothesis is that an increase (decrease) in openwater, or ice-free, area enhances (reduces) the potential emission, transport and deposition of sea-salt aerosols on nearby ice caps. Here we use this hypothesis to investigate the relationships between regional sea-ice concentrations and the major glaciochemical series in an ice core from the Canadian Arctic.
STUDY SITE AND METHODS
In April-May 1998, a 302 m surface-to-bedrock ice core (D98) was retrieved from the summit region of Devon Ice Cap on Devon Island, Nunavut, Canada (75.328 N, 81.648 W; 1930 m a.s.l.; Fig. 1 ). The drill site is $50 km from the coast and has a mean annual air temperature of -238C. The core was processed and analyzed at the Climate Change Research Center of the University of New Hampshire following well-established clean protocols (Murphy, 2000) . The data presented here are from the top 52 m long firn section of the D98 core. This section was sampled at 3 cm intervals, giving an average resolution of 13 samples a -1 (see below). The samples were analyzed using a Dionex In most summers on Devon Ice Cap, some surface melt occurs, and this may alter seasonal signals in the d 18 O and glaciochemical series such that confident resolution of these signals is compromised (Koerner, 1977 (Koerner, , 1997 . Although no melt percent record is yet available for the D98 core, one was developed for another core (D99) collected a year later from a nearby site. In the D99 record, the average melt percentage for the past 1000 years was 10%, but after the 1850s annual rates increased up to 50%, although the mean for 1980-99 remained only 12%. Studies on Penny Ice Cap, Baffin Island, Nunavut, have shown that despite intense summer melt there (50% average, sometimes 100%), seasonal glaciochemical cycles are still preserved in the ice, albeit partly obscured by noise (Grumet and others, 1998; Goto-Azuma and others, 2002 and Cl -often show a double concentration peak. These 'doublets' have been observed in snow-pit and ice-core studies in the Canadian Arctic and were attributed to separate aerosol deposition episodes in late winter/early spring and fall due to increased storm activity during these time periods (GotoAzuma and others, 1997; Grumet and others, 1998; Koerner and others, 1999; Sharp and others, 2002 O maxima and corresponding minima in ionic concentrations, representing the end of summer (August). This timescale covers the period 1980-97. Despite the relative ease in identifying annual layers in the topmost part of the core, the process remains subjective and is prone to errors of interpretation. We estimate the maximum error for this period to be less than AE1 year. The estimated from annual-layer counting is 0.257 AE 0.084 m a -1 (1). This value agrees well with that calculated from the 1963 tritium peak, but the standard deviation also points to significant interannual variability (AE33%), part of which may be due to local stratigraphic noise (Fisher, 1985) .
The second depth-age scale used for the D98 core is based on an ice-flow model (Dansgaard and Johnsen, 1969) 'tuned' using volcanic reference horizons identified from major sulphate peaks in the ice core. Two volcanic events, Katmai, Alaska, USA, (AD 1912, at 25.5 m ice depth) and Laki, Iceland, (AD 1783, at 44.35 m ice depth) provided control points for dating the topmost 52 m of the core, which is interpreted as representing the accumulation period 1852-1997. The accuracy of this theoretical timescale was estimated to be better than 4.5 years (see Appendix).
The sea-ice data used in this study come from the Canadian Ice Service (CIS) weekly operational charts, available year-round since 1980. Each chart supplies total sea-ice concentration (CT) in tenths per gridcell on a 0.258 Â 0.258 regular grid. The CIS dataset was used because of its high spatial resolution and because it offers a better coverage of transitional periods (ice break-up and ice melt) than ice concentrations derived from passive microwave measurements. The CT data were averaged into annual values, giving 18 year long gridded series of mean annual CT. Full descriptions of the data preparation and homogenization steps are given in Kinnard and others (2006) . Heterogeneous correlation maps between the D98 glaciochemical time series and the CT series were calculated in order to identify potential relationships between these variables. For the D98 core, annually averaged ionic concentrations were used because snowfall and aerosol deposition are not evenly distributed through the year, and therefore these series cannot be sub-annually resolved with absolute confidence. Significance levels for all correlations were computed by Monte Carlo simulation. Each time series was randomly reordered 200 times, and the correlation coefficients (r) recomputed. The 95% significance threshold was determined from the distributions of r, and the procedure was repeated at each gridpoint of the CT series to obtain a map of significance levels.
RESULTS Glaciochemistry
The D98 time series of major ions and d
18
O for the calibration period 1980-97 are presented in Figure 2 . Ammonium (NH 4 + ) has a more complex origin than other ions and is not discussed in this paper. To investigate the covariability between various ionic species, an empirical orthogonal function (EOF) analysis (Ribera and others, 2001) was performed on time series of the seven remaining (standardized) ionic variables for the period 1852-1997 (N ¼ 1546 samples). The estimated standard errors (North and others, 1982) suggest that the first two EOF modes are distinct, the next two may be mixed, and numbers 5-7 are distinct from each other but together only account for 8% of the total variance. ) has multiple sources that include sea spray, marine biogenic emissions, volcanism and, over the last century, industrial pollution (Keene and others, 1986; Legrand and Mayewski, 1997) . Here the dominant mode of glaciochemical variability (EOF1) appears to capture primarily a sea-salt signal. In contrast, EOF2 is interpreted as representing an Arctic haze signal, with SO 4 2-and NO 3 -concentrations rising since the 1950s (Goto-Azuma and Koerner, 2001 ). (Fig. 3) . The negative correlations over Baffin Bay between CT and EOF1 are stronger (r min ¼ -0.85) and more spatially widespread than for individual sea-salt species (e.g. Na + ). Most positive correlations in the DS/LS region are below the 95% significance threshold. These results indicate that the sea-salt signal in EOF1 increases mainly when reduced sea-ice concentrations occur over Baffin Bay, suggesting that sea-salt aerosols reaching Devon Ice Cap originate primarily from that area. EOF1 can then be taken as a proxy indicator of sea-ice conditions in the Baffin Bay area.
Correlation with sea-ice concentration
The seasonality of the CT-EOF1 relationship was investigated by correlating seasonally resolved (gridded) CT time series with the annually averaged EOF1 series. Very few significant correlations were found in winter (JanuaryMarch; Fig. 4a ). However, locally high negative correlations (r min ¼ -0.81) were found along the eastern coast of Devon Island, in Lancaster Sound to the south and also in Prince Regent Inlet, the Gulf of Boothia and Committee Bay (see Fig. 4a inset) . These regions correspond to the location of (Smith and Rigby, 1981) , and may represent locally important sources of sea-salt aerosols. Negative correlations between CT and EOF1 in winter were also found in the North Open Water polynya (NOW; see Fig. 1 ), but these are not statistically significant. Although open-water conditions are common at the head of Smith Sound in winter, the main area of open water does not begin to expand southward in northern Baffin Bay until May (Smith and Rigby, 1981) .
During spring (April-June) the areas of negative correlation expand over north Baffin Bay, especially its western part (Fig. 4b) . This is consistent with ice break-up which begins there and progresses southward, and with the area of maximum interannual variability in spring CT for the eastern Arctic (Kinnard and others, 2006) . Significant positive correlations are also found in the Kane Basin and Nares Strait between Greenland and Ellesmere Island, as well as in the DS/LS region. These findings suggest that reduced springtime CT in north Baffin Bay tends to occur simultaneously with increased CT in the DS/LS and Nares Strait regions. The mean annual sea-level pressure (SLP) pattern for the area shows a trough extending from a quasi-stationary low south of Greenland, and into north Baffin Bay. This pattern results in predominant northerly surface winds over much of Baffin Bay, and southerly winds along the west coast of Greenland, which imparts the typical anticlockwise sea-ice gyre motion observed in Baffin Bay (Barber and others, 2001 ). In years with stronger northerly winds, the flux of ice through Nares Strait may result in the formation of an ice bridge across Smith Sound, slowing or even blocking further ice flux into Baffin Bay (Barber and others, 2001 ). Stronger northerly winds over Baffin Bay also advect more ice southward into the DS/LS region, which increases openwater areas in north Baffin Bay. This scenario appears to be reflected in the positive correlations found between CT and EOF1 in Nares Strait/Smith Sound and the DS/LS region, and in the negative correlations found in Baffin Bay (Fig. 4b) .
During summer (July-September), significant negative correlations (r min ¼ -0.88) are found primarily in central/ east Baffin Bay (Fig. 4c) , which coincides with the area of maximum interannual CT variability in this season (Kinnard and others, 2006) . While Baffin Bay is typically clear of ice by late August, conditions over the summer may vary from year to year, depending on air temperature, ocean circulation and antecedent ice conditions (CIS, 2002) . The strongest and most spatially extensive negative correlations between CT and EOF1 occur in the fall (October-December) over the whole of Baffin Bay (Fig. 4d) . During these months, ice forms Table 2 . in north Baffin Bay and expands southward depending on ocean currents and weather systems (CIS, 2002) . We hypothesize that delayed freeze-up or increased southward advection of ice in Baffin Bay is causing the regional negative CT anomaly which anticorrelates with the D98 seasalt record (EOF1). In order to obtain visual confirmation of the aforementioned correlations, key areas were chosen in the calculated correlation maps (annual and seasonal). Time series of CT for gridpoints showing maximum negative correlations with EOF1 were plotted for each map, as well as other selected CT time series representing areas of widespread negative correlations, such as Baffin Bay (Fig. 5) . Standardized series were used for direct comparison between CT series and EOF1. The mean and standard deviation for each extracted CT series are given in Table 2 , along with their geographic location, and correlation coefficients (r ) with EOF1. The highly negative correlations between selected polynya regions and EOF1 during winter arise because of the anomalously low CT of 1992. These conditions (like those in 1981 in the outer Frobisher Bay polynya) may have contributed to a higher than average sea-salt flux on Devon Ice Cap. Remarkably, the most negative correlations between CT and EOF1 during the other seasons also occur in areas with polynyas. These correlations are sometimes surprisingly high, especially during summer and fall (Table 2 ; Fig. 5 ). Although not as high, correlations in Baffin Bay do appear in all seasons except winter.
DISCUSSION
The negative correlation found between Baffin Bay CT and sea-salt aerosols in the D98 core (represented by EOF1) is consistent with our hypothesis that reduced sea-ice cover leads to greater emission of sea-salt aerosols. Increased wind fetch over open water results in more surface waves, which favours sea-spray production (Blanchard and Woodcock, 1980) . Sea-salt particles are typically contained in the coarse mode of the atmospheric aerosol, which limits their atmospheric residence time and potential transport distance (Barrie, 1985) . Hence most sea-salt aerosols deposited on Devon Ice Cap are likely to come from nearby, rather than distant, sources. The Cl -/Na + ionic ratio in the uppermost 52 m of the D98 core is 1.07 AE 0.02 (N ¼ 1546; r 2 ¼ 0.85). Table 2 . This is close to the sea-water ratio of 1.17 (Keene and others, 1986) , which suggests that these ions were derived primarily from nearby open-water areas, with little fractionation during airborne transport (Legrand and Delmas, 1988) . Deviations of the Cl -/Na + ratio from the sea-water ratio mostly occurred at low Na + concentrations. An alternative interpretation for the sea-ice-sea-salt relationship was proposed in Antarctica, where salty 'frost flower' crystals formed over polynyas and leads can dominate the sea-salt budget in marine aerosols (Rankin and others, 2002) . Freezing of highly saline brine below -88C precipitates mirabilite (sodium sulphate decahydrate), which is strongly depleted in sulphates. A deficit of non-seasalt sulphate (nssSO 4 2-in excess of the sea-water ratio) in snow or ice is then taken as diagnostic of the presence of an important sea-ice (frost flower) source for sea-salt aerosols. Such a deficit was observed in ice cores from non-coastal Antarctic sites, which led Wolff and others (2003) to propose that sea-salt variability at these sites may reflect sea-ice production rather than changes in open-water area. In the Devon Ice Cap core, however, the nssSO 4 2-content before the industrial era (AD <1900), calculated using the method of O'Brien and others (1995) , is always positive and represents over 90% of the total sulphate load. Hence, we assume that the main source of sea salts is from open water rather than the sea-ice surface (Aristarain and Delmas, 2002) . However, we acknowledge that because nssSO 4 2-input from other sources (e.g. marine biota) can be significant, it could mask the diagnostic low SO 4 2-signature of aerosols derived from frost flowers. Furthermore, we would expect to find positive correlations between CT and EOF1 if sea salts were mostly produced over newly formed ice. This is not the case. Instead, the few significant positive correlations were found in areas of predominant old sea-ice cover, as discussed earlier.
Our correlation analysis of EOF1 against seasonal CT suggests that local lead and polynya systems may contribute to the annual input of sea salts to Devon Ice Cap, but that these source areas are spatially restricted. In terms of correlation strength, the relationship between EOF1 and CT in Baffin Bay is similar for the spring, summer and fall seasons. Although maximum open-water conditions usually occur in late August/early September, correlation maps suggest that the most extensive sea-salt-producing areas exist between October and December. While the amount of open water may limit the source area for sea-salt aerosols, wind patterns and storm trajectories strongly control their delivery to the ice cap. Baffin Bay is an area of intense cyclonic activity, with both cyclogenesis and cyclolysis occurring regularly (Serreze, 1995) . Cyclone intensity throughout the Arctic is greater during the cold months (October-April) than during the warm months (MaySeptember), with a maximum in February and a minimum in July (Zhang and others, 2004) . In Baffin Bay, maximum (minimum) wind speeds occur during winter (summer), while the amount of precipitable water peaks in summer (Barber and others, 2001) . Data from automated weather stations maintained on ice caps in the eastern Canadian Arctic show that most precipitation there falls as snow in the spring and fall seasons (e.g. Sharp and others, 2002) , in concurrence with the deposition of sea-salt species (GotoAzuma and others, 1997; Koerner and others, 1999; Sharp and others, 2002) . The interplay between moisture availability from open-water sources (greatest in summer) and wind transport efficiency (greatest in winter) results in a seasonal cycle of precipitation and sea-salt flux that peaks during the transition periods of spring and fall. In particular, the fall months are when the fraction of open water is still great and cyclonic activity most intense, which effectively maximizes emission and dispersal of sea-salt aerosols in this season. While the broad zone of negative correlation between annual CT and EOF1 (Fig. 3) is due mainly to interannual changes in fall CT, the area of maximum negative correlation within Baffin Bay is found over its western portion (Fig. 3) , and is due mainly to spring CT variations (Fig. 4b) . Hence, EOF1 appears to reflect the overall CT variability in Baffin Bay during the 'warm' season (spring to fall), with possible year-round influence from leads and polynyas.
Time series of the first mode of glaciochemical variability in the D98 core (EOF1) for the period 1852-1998 are shown in Figure 6 . Also shown for comparison are ice-core time series of d 18 O (a proxy for regional air temperature) and melt percentage (a proxy for summer warmth) developed from the same site, and a surface air-temperature (SAT) record from Upernavik, Greenland, for 1875 (Polyakov and others, 2003 . Over the 146 year period considered, EOF1 shows considerable variability at both decadal and interannual scales. It is noteworthy that the EOF1 index generally increased steadily from the early 1950s to the late 1990s, indicating an increasing flux of sea-salt aerosols to Devon Ice Cap during this period. If our interpretation of the seaice-sea-salt relationship is correct, this trend is consistent with the decline in sea-ice extent observed in the Northern Hemisphere since the 1950s (Walsh and Chapman, 2001) .
The EOF1 and d
18
O time series show little resemblance on an interannual timescale but appear to be inversely correlated at the decadal timescale (Fig. 6b) . The correlation is low (r ¼ -0.243), but significant at the 99% level. The D98 d
O record captures some of the low-frequency trends in SAT recorded at Upernavik (Fig. 6d) . However, the melt percent record from the D99 core better captures the steplike warming of the early 1920s (Fig. 6c) . There is also little resemblance between the D99 melt record and our sea-salt proxy. A similar but more pronounced inverse relationship between d
O and sea-salt concentrations has been found in Greenland ice cores, and attributed to more efficient sea-salt transport during cold periods due to increased storminess (O'Brien and others, 1995; Fischer and others, 1998; Dawson and others, 2003) . So while sea-salt variability in Greenland ice cores appears to result primarily from changes in meteorological factors, our analysis suggests that the Devon Ice Cap sea-salt record is more closely linked to changes in regional sea-ice cover. It is, however, expected that our sea-ice proxy should also partly reflect the meteorological conditions driving the sea-ice anomalies. A similar interpretation was proposed for the ice-core sea-salt record from Penny Ice Cap (Grumet and others, 2001) .
The lack of positive correlations between our sea-salt proxy and the d
O and Upernavik SAT series suggests that sea-ice cover (CT) in Baffin Bay is not controlled directly and/or uniquely by air temperature. One mechanism already discussed may produce reduced CT under colder conditions: when northerly winds force sea ice to accumulate in Nares Strait, blocking the flux of ice into Baffin Bay while allowing existing ice in the bay to drift southward (Barber and others, 2001 ). Kinnard and others (2006) have shown that the dominant mode of variability in monthly CT anomalies is a north-to-south contraction of the ice edge which occurs on a decadal timescale, mainly in response to the North Atlantic Oscillation (NAO). It is hypothesized that increased CT occurs in the DS/LS region and Hudson Bay in response to northerly winds and decreased SAT over the eastern Arctic during positive phases of the NAO. Enhanced northerly winds advect ice southward during the cold months, and, when the ice bridge forms in Nares Strait, open-water areas develop in Baffin Bay, resulting in a dipole pattern of sea-ice cover with the DS/LS region. An EOF analysis performed on annually averaged gridded CT series shows a comparable pattern for the dominant mode of sea-ice cover variability (not shown). Polyakov and others (2003) have shown that SATs measured at Arctic coastal stations since 1875 display considerable inter-decadal variability (50-80 years), which they refer to as the low-frequency oscillation (LFO). The LFO may be linked to slow changes in oceanic thermohaline circulation in the North Atlantic. In its positive phase, the LFO is associated with reduced SLP and SAT and increased wind vorticity over the Baffin Bay region. The resulting windstress field tends to increase sea-ice mobility and redistribute it more vigorously via the Baffin Bay gyre. Increased cyclonic activity in the region during the positive phase of the LFO could also increase emissions and transport of seasalt aerosols, especially in the fall when sea-ice cover is near its minimum. Thus the LFO may represent one mechanism accounting for decadal covariability between the D98 EOF1 record and Baffin Bay CT.
CONCLUSIONS
We found a statistically significant inverse relationship between annually averaged sea-salt concentrations (represented by EOF1) in the D98 ice core from Devon Island, and CT in the Baffin Bay area over the period 1980-97. This relationship is consistent with our hypothesis that reduced sea-ice cover expands the source area for sea-salt aerosols, thereby allowing for greater emissions and subsequent deposition in snow on the ice cap. The mean Cl -/Na + ratio in the D98 core also indicates that the bulk of sea-salt aerosols originate from nearby sources. Our results are in good agreement with those of Grumet and others (2001) , who found an inverse correlation (r ¼ -0.26, p < 0.05) between time series of sea-ice cover in Baffin Bay and seasalt Na + in an ice core (P95) from Penny Ice Cap over the period 1901-90. These authors also found that increased sea-salt concentrations in the P95 core resulted from the interplay between reduced sea-ice cover in Baffin Bay and increased atmospheric transport associated with a positive NAO index. Murphy (2000) followed the same approach using the D98 core, and found a better correlation with summer sea-ice extent in the NOW (r ¼ -0.46, p < 0.05) but a weaker correlation for Baffin Bay (r ¼ -0.34, p < 0.15). Our own approach differs from these studies in that we used heterogeneous correlation maps of EOF1 and CT to identify regions of greatest sea-ice-sea-salt correlations, rather than testing the strength of these correlations over predefined regions. Our findings further demonstrate that ice-core glaciochemical proxies can yield meaningful information on past Arctic sea-ice conditions and variability at the regional scale. Our sea-ice proxy suggests a dominant influence of dynamical factors on the control of sea-ice variability in Baffin Bay over the past $150 years.
